We use the ROSAT All-Sky Survey to study the X-ray properties of a sample of 625 groups and clusters of galaxies selected from the Sloan Digital Sky Survey. We stack clusters with similar velocity dispersions and investigate whether their average X-ray luminosities and surface brightness profiles vary with the radio activity level of their central galaxies. We find that at a given value of σ , clusters with a central radio active galactic nucleus (AGN) have more concentrated X-ray surface brightness profiles, larger central galaxy masses and higher X-ray luminosities than clusters with radio-quiet central galaxies. The enhancement in X-ray luminosity is more than a factor of 2, is detected with better than 6σ significance and cannot be explained by X-ray emission from the radio AGN itself. This difference is largely due to a subpopulation of radio-quiet, high velocity dispersion clusters with low-mass central galaxies. These clusters are underluminous at X-ray wavelengths when compared to otherwise similar clusters where the central galaxy is radio-loud, more massive, or both.
I N T RO D U C T I O N
There is increasing evidence that the majority of radio-loud active galactic nuclei (AGN) at low redshift may be triggered by the accretion of hot gas. Using a sample of 625 nearby groups and clusters, Best et al. (2007) showed that the galaxies located closest to the centres of the clusters are more likely to host a radio-loud AGN than other galaxies of similar stellar mass. Allen et al. (2006) analysed Chandra X-ray images of nine nearby X-ray luminous elliptical galaxies and showed that the jet power is tightly correlated with the Bondi accretion rate on to the central black hole as estimated from the observed gas temperature and density profiles.
It is also now recognized that the 'overcooling problem' at the centre of many galaxy clusters could be solved if radio-loud AGN can heat surrounding gas. Direct evidence of AGN heating came with the discovery of X-ray cavities in the hot intracluster medium (ICM) of a number of clusters and groups (Boehringer et al. 1993; Churazov et al. 2000; Fabian et al. 2000; McNamara et al. 2000; Blanton, Sarazin & McNamara 2003; Gitti et al. 2007 ). Some of these cavities coincides with extended lobes of radio emission pro-E-mail: ssy@shao.ac.cn duced by an AGN in the central cluster galaxy. 1 The observations suggest that relativistic radio plasma displaces the X-ray emitting gas, generating turbulence and wave activity, which heat the ICM.
AGN feedback may also explain why low-temperature clusters are less X-ray luminous than predicted by a homologous scaling of the properties of hotter and more massive systems (Nath & Roychowdhury 2002; Best et al. 2007 ). The energy available from the central AGN depends primarily on black hole accretion rate. In low-mass groups, it can be comparable to the total gravitational binding energy of the X-ray emitting gas, whereas high-mass clusters will be less strongly affected. As a result, relations such as L X -T X (X-ray luminosity versus temperature) and L X -σ (X-ray luminosity versus velocity dispersion) may be modified by radio-source heating. At smaller scales, AGN feedback may play an important role in the formation and evolution of galaxies. Recent work has demonstrated that it can plausibly explain the exponential cut-off at the bright end of the galaxy luminosity function, as well as the 'down-sizing' of galactic star formation activity at recent cosmic epochs (Bower et al. 2006; Croton et al. 2006; Kang, Jing & Silk 2006) .
It may be that hot gas accretion, AGN triggering, reheating of ambient gas and suppression of AGN activity occur in a cycle. An accretion on to the central black hole may cause an outburst which removes the fuel supply for further radio activity. Without AGN feedback, the ICM reverts to the state that triggered the outburst (Churazov et al. 2005) . Although this picture is attractive, it remains to be verified in detail. We do not know the necessary conditions to trigger or quench radio activity. We also do not understand the extent to which the global X-ray properties of the gas are modified by AGN feedback (e.g. Rizza et al. 2000; Omma & Binney 2004; Nusser & Silk 2008) . Only a few nearby clusters have deep enough X-ray images to reveal low-density cavities and permit the energetics of the gas to be studied in a spatially resolved fashion. If we wish to study how the global state of the X-ray gas is linked to AGN activity in the central galaxy, we are forced to adopt a more statistical approach.
It has long been known that the radio activity of cluster central galaxies is linked with the cooling flow or 'cool-core' phenomenon (Burns 1990; Fabian 1994) . This is the fact that many but not all massive clusters show a strong central peak in X-ray surface brightness, almost always coincident with the brightest cluster galaxy (BCG), within which the directly inferred cooling time is less than the Hubble time. The fraction of cool-core clusters with a radio-loud BCG is much higher than the fraction in the rest of the population. Furthermore, because the cores add significantly to cluster luminosity and reduce the emission-weighted temperature, cool-core clusters fall systematically to one side of many of the X-ray scaling relations for clusters, e.g. the L X -T X and L X -σ relations O'Hara et al. 2006; Chen et al. 2007 ). Thus, in clusters of given velocity dispersion (or mass), cool cores tend to be associated with enhanced X-ray luminosity, massive central BCGs and radio-loud BCGs. Given that the probability of a radio activity increases with BCG mass (Best et al. 2005) , both BCG mass and cluster X-ray luminosity increase with cluster mass (Edge & Stewart 1991) and central black hole mass correlates tightly with galaxy mass (Tremaine et al. 2002) , it seems clear that radio activity is tightly related to both black hole mass and the presence of a cooling hot atmosphere which can provide fuel. The exact causal relation between these phenomena remains unclear, however, and recent observational studies of lower mass systems appear, at least superficially, in conflict with the trends established for relatively massive clusters (e.g. compare Birkinshaw 2005 and Jetha et al. 2007 with the above references).
In this paper, we provide improved statistics for the relationship between cluster properties, both X-ray and optical, and the radio activity of their BCGs. We use a low-redshift (z < 0.1) sample of 625 groups and clusters with carefully controlled BCG identifications. These were selected by von der from the Sloan Digital Sky Survey (SDSS, York et al. 2000) . The radio properties of these BCGs were determined following Best et al. (2005) , who cross matched the galaxies with the National Radio Astronomy Observatory Very Large Array Sky Survey (NVSS, Condon et al. 1998 ) and the Faint Images of the Radio Sky at Twenty Centimeters Survey (FIRST, Becker, White & Helfand 1995) . By combining these two radio surveys, the identification of radio galaxies is both reasonably complete (∼95 per cent) and highly reliable (∼99 per cent). Radio-loud AGN are then separated from starforming galaxies with detectable radio emission on the basis of 4000 Å break strength (Best et al. 2005) .
The sky coverage of this cluster sample is ∼4000 deg 2 . The only X-ray survey with enough sky coverage to provide a reasonable match is the ROSAT All-Sky Survey (RASS). Because the RASS is quite shallow, relatively few individual groups and clusters have sufficient X-ray flux for unambiguous detection, particularly at lowvelocity dispersion. The mean flux of such objects can be detected, however, by stacking their X-ray images (e.g. Bartelmann & White 2003; Shen et al. 2006; Dai, Kochanek & Morgan 2007; Rykoff et al. 2008) . Such stacking avoids selection biases that can occur if one analyses samples in which only the most X-ray luminous systems are detected. The limited resolution of RASS maps and our stacking strategy, make it difficult to study the structure of the ICM in detail, but we will see that concentration differences, reflecting the presence of cool cores, are nevertheless detectable.
Our paper is organized as follows. In Section 2, we introduce our sample of groups and clusters and describe their radio properties. In Section 3, we describe our X-ray detection techniques, both our method for detecting individual groups and clusters and our stacking technique. In Section 4, we study and compare the X-ray properties of clusters, emphasizing how the L X -σ relation and the surface brightness profiles of clusters vary with the radio properties of their BCGs. We discuss the contribution of the radio AGN to the total X-ray emission in Section 5.1, while in Section 5.2, we discuss how the L X -σ relation of clusters depends on the stellar properties of their BCGs. We present our conclusions in Section 6.
SAMPLE
We use the sample of groups and clusters of galaxies described in von der , which is drawn from the C4 cluster catalogue of the SDSS Data Release 3 (Miller et al. 2005) . The clusters lie in the redshift range 0.02 ≤ z ≤ 0.1. Von der Linden et al. developed improved algorithms for identifying the brightest galaxy (the BCG) and for measuring the velocity dispersion in each group or cluster. The velocity dispersion algorithm is designed to limit the effects of neighbouring groups and clusters. Clusters and groups with very few galaxies are also discarded. The velocity dispersion σ is measured within the virial radius R 200 . The radio properties of the BCGs are taken from the catalogue of Best et al. (2005) , which has been updated to the SDSS Data Release 4.
The final sample includes 625 groups and clusters, with velocity dispersion spanning the range from ∼200 to over 1000 km s −1 (see von der , for more details). 134 out of the 625 BCGs have radio fluxes larger than 5 mJy and are identified as radioloud AGN. Five BCGs have radio fluxes which exceed 5 mJy but are clearly a result of star formation activity. There are 433 BCGs without a radio source brighter than 5 mJy. The radio properties of the remainder are unknown because they lie outside the area covered by FIRST. Henceforth, we will refer to a group or a cluster as 'radio-loud' if its BCG has been identified as a radio-loud AGN, and 'radio-quiet' if it is known to contain no radio source brighter than 5 mJy. There are 134 radio-loud and 433 radio-quiet clusters in our sample. The fraction of radio-loud clusters in our sample is smaller than the fraction of clusters usually quoted as having cooling cores (∼40 per cent according to Peres et al. 1998 ). This may well be a selection effect since X-ray selected cluster samples are biased towards massive and X-ray luminous systems.
In Fig. 1 , we show histograms of velocity dispersion σ and redshift z for radio-loud and radio-quiet clusters. The two redshift distributions are very similar. The radio-loud clusters have slightly higher velocity dispersions than the radio-quiet objects. The median σ of radio-loud clusters is 428 km s −1 , with 16 and 84 percentiles at 277 and 595 km s −1 , respectively. For radio-quiet clusters, the corresponding σ values are 392, 252 and 583 km s −1 . The figure Figure 1 . Velocity dispersion and redshift distributions for all radio-loud clusters (solid histograms), radio-quiet clusters (dotted histograms) and for our matched control sample of radio-quiet clusters (dashed histograms).
also shows σ and z distributions for a control sample of radioquiet clusters (dashed line). This was constructed by choosing the radio-quiet cluster closest in σ and z to each radio-loud cluster (see Section 4.2). This matching procedure was introduced in order to minimize possible observationally induced biases when comparing the two samples.
X -R AY D E T E C T I O N
We use the RASS to study the X-ray properties of our sample of groups and clusters. The RASS mapped the sky in the soft X-ray band (0.1-2.4 keV) with exposure time varying between 400 and 40 000 s, depending on direction on the sky. The resolution of the RASS images is 45 arcsec. Two source catalogues were generated based on RASS images through a maximum-likelihood (ML) search algorithm: the bright source catalogue (Voges et al. 1999 ) and the faint source catalogue . However, these source catalogues are not optimized for extended sources. An extended source is likely to be deblended into several pieces by the ML search algorithm. There are carefully selected samples of X-ray clusters constructed from the RASS data, e.g. the Northern ROSAT All-Sky Galaxy Cluster Survey (NORAS, Böhringer et al. 2000) and the ROSAT-ESO Flux-Limited X-Ray Galaxy Cluster Survey (REFLEX, Böhringer et al. 2004 ). The REFLEX clusters, which have a completeness of ≥90 per cent at the flux limit of 3 × 10 −12 erg cm −2 s −1 , are mainly located in the Southern sky (δ ≤ 2.5) and have a little overlap with our SDSS clusters. For the NORAS clusters, the completeness is estimated to be ∼50 per cent at an X-ray flux of 3 × 10 −12 erg cm −2 s −1 ). Our sample of groups and clusters has been selected from an optical galaxy catalogue. The centre of the cluster (taken to be the position of the BCG) and the virial radius of each cluster have already been determined. We use this extra information when studying their X-ray properties. We first check whether the position of the BCG of each cluster is consistent with a peak in X-ray emission (Section 3.1). We then optimize the growth curve analysis algorithm of Böhringer et al. (2004) to detect the X-ray properties of our clusters individually (Section 3.2). Finally, we develop a stacking algorithm to measure the mean X-ray properties of clusters as a function of their optical properties, independent of the detection limit of the RASS (Section 3.3).
Finding the X-ray centre of the clusters
Before the X-ray luminosity of a cluster can be measured, the position of its centre must be determined. In the optical, the position of the BCG is usually taken to define the cluster centre. However, this position may be offset from the peak of the X-ray emission (e.g. Dai et al. 2007; Koester et al. 2007) . In order to understand whether such offsets are generic for clusters in our sample, we have developed an algorithm to determine the X-ray centre of a cluster.
First, the ML search algorithm used to generate the ROSAT source catalogue is applied to the RASS images (Voges et al. 1999) . Sources with detection likelihood L > 7 in the 0.5-2.0 keV band are retained. Although an extended source is frequently deblended into several pieces by this algorithm, the central peak is always identified. We match the position of each BCG with the ML detections using a tolerance of 5 arcmin in radius. The X-ray sources found within this radius are considered as candidate X-ray centres. We find that 210 clusters have X-ray sources within a 5 arcmin radius and some clusters have several candidate X-ray centres. We then exclude candidates which are clearly not associated with the clusters by eye. If a point source is detected within the 5 arcmin search radius but significantly offset from the BCG, we assume that the source is a contaminant and is not part of the cluster. We show such an example in Fig. B1 of Appendix B. For clusters that still have more than one candidate X-ray centre, we pick the closest one. Most of the sources we identified as the X-ray centres of clusters have extension likelihood greater than zero. This confirms that the X-ray emissions we identified are from the extended ICM rather than from pointlike AGN. As we will show in Section 5.1, the X-ray emission from radio AGN in the soft X-ray bands is expected to be much weaker than the X-ray emission we measure. Our final sample of clusters with identified X-ray centres contains 157 objects.
In Fig. 2 , we plot the offset between X-ray centre and optical centre (i.e. the BCG position) for these 157 clusters. The upper panel shows the offset in units of arcmin, while the lower panel shows the corresponding projected physical distance at the redshift of BCG. As can be seen, the X-ray centre is consistent with the BCG position in most cases. The typical offset is less than 2 armin (∼3 RASS pixels). This corresponds to a physical distance of around 50 kpc and so is consistent with the results of Katayama et al. (2003) .
Since the BCG positions are, in general, consistent with the X-ray centres, we will assume that the BCGs mark the centres of those clusters which are too faint to determine an X-ray centre directly with our algorithm.
Measuring the X-ray luminosity
After the centre of each cluster has been determined, we use a growth curve analysis to count the number of photon events as function of radius and so to evaluate the cluster count rate.
The background of each cluster is estimated from a centred annulus with inner radius R 200 and width 6 arcmin. To exclude contamination of this background estimate by discrete sources, we mask out all ML-detected (L > 7) sources inside this annulus. The surface brightness of the background is then calculated using the formula
where the sum is over the photon events, t i is the effective exposure time at each photon position and S is the effective area of the annulus after the contaminating sources are masked out. The count rates within R 200 may also be contaminated by discrete X-ray sources unassociated with intracluster X-ray emission. As above, we therefore mask out all the ML-detected (L > 7) point sources that are located more than 2.25 arcmin (three image pixels) from the X-ray centre.
2 As already mentioned, an extended source is often detected multiple times by the ML algorithm. We therefore visually inspect all the ML sources and determine whether they are contaminants or parts of the X-ray emission from the cluster. We show an example of this process in Fig. B2 of Appendix B.
The cumulative source count rate as a function of radius is calculated by integrating the source counts in concentric rings and subtracting the background contribution. We integrate the source count rate to the X-ray extension radius R X . We determine this radius in two different ways, as described in Böhringer et al. (2000) . The first chooses the radius where the increase in source signal is less than the 1σ uncertainty in the count rate. The other is the plateau-fitting method, where the slope of the plateau (in units of count rate per arcmin) is less than 1 per cent. These two methods give consistent results for clusters where the count rate profile can be determined with high signal-to-noise (S/N) ratio. For low S/N clusters, we choose the better determination of R X by visually checking the cumulative count rate profile. A source is said to have a significant X-ray detection if the counts within R X are three times larger than the Poisson fluctuation in the photon counts. We detect 159 galaxy clusters individually according to this criterion.
To convert the count rates into X-ray fluxes, we assume that the X-ray emission has a thermal spectrum with temperature T, the cluster gas has metal abundance equal to a third of the solar value (Raymond & Smith 1977) and interstellar absorption can be inferred from the Galactic hydrogen column density (Dickey & Lockman 1990 ). The gas temperature T is assumed to follow the empirical scaling relation measured by White, Jones & Forman (1997) :
One might question whether this assumption is robust. Most studies of the T-σ relation find that it does not depart significantly from the virial theorem expectation (T ∝ σ 2 ), even for low-mass galaxy groups (e.g. Girardi et al. 1996; Wu, Xue & Fang 1999; Mulchaey 2000; Xue & Wu 2000) . We further note that a variation in temperature of 50 per cent makes less than a 5 per cent difference to the flux estimate for most of our clusters.
3 Throughout this paper, we adopt a concordance cold dark matter ( CDM) cosmology with H 0 = 70 km s −1 Mpc −1 , 0 = 0.3 and = 0.7. For some clusters, the total X-ray flux will exceed the flux measured within the extension radius R X . To estimate the flux that is missed outside R X , we adopt a β-model surface brightness distribution I X (R) with β = 2/3,
where I 0 is the central surface brightness and R c is the core radius and is assumed to be proportional to R 200 , with R c = 0.14R 200 for radio-loud clusters and R c = 0.18R 200 for radio-quiet clusters. 4 The extension correction factor f E is then defined as
The exact values of R c and β are far from certain for each individual cluster. As a result, the X-ray luminosities of clusters with large correction factors f E have larger errors. To account for this effect, we assume that the correction factor f E has an uncertainty of 0.1f E . We note that for a few clusters with sufficiently high S/N, we can apply a β model fit and derive the extension correction factor f E . We find answers that are consistent with the estimates using equation (4) with an uncertainty of ∼10 per cent. The error on our estimate of L X for each cluster thus has two terms: the error of the flux estimation inside R X and the error on the correction factor f E . The X-ray properties of the 159 clusters that are individually detected in RASS are listed in Appendix A.
Stacking analysis
The clusters that are individually detected in the RASS are biased to the nearest and most X-ray luminous systems at each velocity dispersion. We can obtain an unbiased estimate of the average X-ray luminosity of our clusters by stacking objects with similar optical properties. We describe our stacking algorithm below.
We divide the clusters into bins of velocity dispersion with a width of ∼100 km s −1 . Within each velocity dispersion bin, the angular size of the clusters varies substantially because of the spread in redshift. (Recall that R 200 is proportional to σ .) We centre each cluster image on the X-ray centre if this has been identified (see Section 3.1) and on the BCG otherwise. Before stacking the images, we scale them all to the same size in units of R 200 and mask contaminating sources in the same way as in our analysis of individual clusters. The background is estimated as the average flux inside an annulus with inner radius R 200 and outer radius 1.3R 200 . The remaining steps in the detection algorithm (determining the extension radius R X and count rate) parallel those used for individual clusters. A stacked image is said to have a robust X-ray detection if the number of source photons within R X is also three times larger than the Poisson fluctuation in the photon counts.
For a stack of N clusters with individual X-ray luminosities L X,i , redshifts z i , average Galactic hydrogen columns N H,i and average RASS effective exposure times t i , the number of source photons that should be detected in the RASS, N s , is
where g(N H,i , z i ) is a function which converts the bolometric Xray luminosity to observed count rate. Since the X-ray luminosities of the sources in a stack are similar, the weighted average X-ray luminosity of the stack can be defined as
We fit the surface brightness profile of each stack with a β model to make the extension correction, and we correct the X-ray luminosity to the value expected within R 200 (see Section 4.2.1).
X -R AY P RO P E RT I E S O F T H E C L U S T E R S
In this section, we investigate how the X-ray properties of the clusters depend on the radio properties of their central BCGs. We focus on the comparison of the L X -σ relations of radio-loud and radioquiet clusters. We first show results for clusters that were detected individually in the X-ray images (Section 4.1). We then present results for stacked cluster samples (Section 4.2).
Results for individual X-ray detections

Detected fraction
As we showed in Section 3.2, only ∼25 per cent (159 out of 625) of our clusters are individually detected in the RASS. The solid histogram in Fig. 3 shows the detected fraction as a function of velocity dispersion. As expected, the detected fraction is higher for higher velocity dispersion clusters. It increases from less than 15 per cent for groups with σ < 400 km s −1 to more than 50 per cent for clusters in the highest velocity dispersion bin.
We find that 55 of the 134 radio-loud clusters and 88 of the 433 radio-quiet clusters are detected. The detected fractions as a function of velocity dispersion for these two subsamples are plotted in Fig. 3 . As can be seen, the detected fraction is systematically higher for radio-loud than radio-quiet clusters in all the velocity dispersion bins. 
L X -σ relation for clusters with individual X-ray detections
In Fig. 4 , we plot bolometric X-ray luminosity L X as a function of velocity dispersion σ for clusters with individual X-ray detections. L X is in units of L X /10 44 erg cm −2 s −1 (L 44 ) and velocity dispersion in units of σ /500 km s −1 (σ 500 ). We use the bivariate correlated errors and intrinsic scatter (BCES) orthogonal distance regression method (Akritas & Bershady 1996) to fit a linear relation between log L 44 and log σ 500 , log L 44 = a log σ 500 + b.
This fitting method takes into account the observational errors on both variables and the intrinsic scatter in the relation. The Table 1 . The fitting parameters for various L X -σ relations. a and b are the fitting parameters of equation (7). N is the number of objects in each sample. For stacked samples, N is given as N1/N2, where N1 is the number of stacks while N2 is the total number of clusters in the sample. M is the median BCG stellar mass. b gives the zero-points obtained if the L X -σ relations are refit requiring the slope a to be 2.97 for the low BCG mass and low BCG mass radio-quiet samples and to be 4.40 for the other stacked samples. determination of the error on L X has been described in Section 3.2, while the error on σ is given by von der . The best-fitting relation is log L 44 = (4.39 ± 0.32) log σ 500 + (−0.530 ± 0.037),
and is shown as solid line in Fig. 4 . The fitting parameters are also listed in Table 1 . For comparison, we also plot the L X -σ relation derived for REFLEX clusters by Ortiz-Gil et al. (2004) using the orthogonal distance regression method (dotted line). As we can see, the slopes of two fitting relations are consistent with each other within the 1σ uncertainty. The zero-point of our relation is slightly higher. This difference is caused by the fact that Ortiz-Gil et al. adopted a lower value of R c for the extension correction (R c ∝ L 0.28 X , equation 6 of Böhringer et al. 2000) .
We show L X -σ relations for the subsamples of detected radioloud and radio-quiet clusters in the left-and right-hand panels of Fig. 5 , respectively. The BCSE orthogonal regression method is again used to fit a linear relation between log L 44 and log σ 500 . The results are log L 44 = (4.48 ± 0.61) log σ 500 + (−0.535 ± 0.058),
for radio-loud clusters and log L 44 = (4.50 ± 0.44) log σ 500 + (−0.530 ± 0.056),
for radio-quiet clusters. These two relations are plotted as solid lines in Fig. 5 . The relation for the cluster sample as a whole (equation 8) is shown as a dotted line in each panel for comparison. Again, the fitting parameters are listed in Table 1 . Even though radio-loud clusters are more frequently detected in the X-ray than radio-quiet objects, the two relations in Fig. 4 are similar. As we demonstrate in the next section, this is simply a selection effect. The majority of individually detected clusters are just above the X-ray detection limit in both samples. Since the redshift distributions of the two types of cluster are similar (Fig. 1) , this forces the mean L X -σ relations of detected objects to be nearly the same.
Results for the stacks
We stack the radio-loud and the radio-quiet clusters independently. The clusters with unclear radio properties are excluded from this analysis.
Radio-loud clusters with σ in the range 300-900 km s −1 are stacked in velocity dispersion bins with width 100 km s −1 . Smaller groups with σ < 300 km s −1 and bigger clusters with σ < 900 km s −1 are split into two separate velocity dispersion bins. Our sample of 134 radio-loud clusters then splits into eight stacks.
As described above, we create a control sample of 134 radio-quiet clusters selected to have the same σ and z distributions as the radioloud sample. This control sample is generated from the full sample of 433 radio-quiet clusters by picking the radio-quiet cluster that is most similar in z and σ to each of the radio-loud clusters. These radio-quiet clusters are then stacked in exactly the same way as the radio-loud clusters. More specifically, for the ith radio-loud cluster that is included in the kth radio-loud stack, the corresponding ith control radio-quiet cluster is stacked into kth radio-quiet stack. The X-ray detections are obtained for all 16 stacks.
Surface brightness profiles of the clusters
We show radial surface brightness profiles for each of our eight different velocity dispersion stacks in Fig. 6 . The radio-loud clusters are plotted as triangles while the control radio-quiet clusters are plotted as squares. The surface brightness is given in units of photon counts per unit area per second and is plotted as a function of the scaled radius R/R 200 . The error in the surface brightness in each radial bin is estimated from the Poisson fluctuations of the photon counts. As we can see, after stacking, the S/N of the surface Figure 6 . Surface brightness profiles for stacks of clusters in eight velocity dispersion bins. Triangles show results for radio-loud clusters while squares are for the control sample of radio-quiet clusters. The solid and dashed lines show best-fitting β models for radio-loud and radio-quiet clusters, respectively. The dotted curves show the contribution to the X-ray emission predicted to come from the radio AGN itself (see the text in Section 5.1 for details).
brightness profiles in all the velocity dispersion bins is sufficiently good to enable model fitting to be carried out.
We use a β model (equation 3) to fit the surface brightness profile for each stack. To reduce the number of free parameters, we fix β = 2/3 and estimate R c and I 0 by minimizing χ 2 . We show the best-fitting results as solid and dashed lines in each panel for radioloud and radio-quiet clusters, respectively. The best-fitting value of R c for each profile is quoted as a label in each panel of Fig. 6 . Except for the two lowest velocity dispersion bins, radio-loud clusters have more concentrated luminosity profiles (smaller R c ) than radio-quiet clusters.
We show the best-fitting values of R c as a function of velocity dispersion in Fig. 7 . The radio-loud and radio-quiet clusters are represented by triangles and squares, respectively. The median R c of the radio-loud clusters is 0.14R 200 , whereas the median for radioquiet clusters is 0.18R 200 . These two median values are shown as horizontal lines in Fig. 7 . The core radii of our stacked clusters are consistent with the studies of individual clusters by Neumann & Arnaud (1999) . These authors found R c ∼ 0.1-0.2R 200 for clusters with β ∼ 2/3. We note that uncertainties in the centroids of individual cluster will broaden the X-ray core of the stacked profile (e.g. Dai et al. 2007 ). This effect is not significant in our study, however, since the centroids of most of our individually detected clusters (which contribute the bulk of the flux of the stacks) were identified before stacking (see Section 3.1). We find that if we stack only the clusters with individual detections, the median R c values are 0.14R 200 and 0.17R 200 for radio-loud and radio-quiet clusters, respectively. The point spread function (PSF) of the ROSAT telescope also broadens the estimated core radii of the clusters, of course, particularly for low-velocity dispersion clusters which typically have small angular size.
L X -σ relation for the stacks
In Fig. 8 , we show the weighted average X-ray bolometric luminosity L X,S (equation 6) as a function of the average velocity dispersion σ S for our stacks of radio-loud and radio-quiet clusters. We use the BCSE orthogonal regression method to fit linear relations between log L X,S and log σ S weighted by the errors on both L X,S and σ S . The error on σ S is estimated from the error on the mean value of σ of the stacked clusters. Our result is log L 44 = (4.40 ± 0.53) log σ 500 + (−0.600 ± 0.099)
for radio-loud clusters and log L 44 = (4.07 ± 0.24) log σ 500 + (−0.935 ± 0.049)
for radio-quiet clusters. These relations are shown as solid lines in the left-and the right-hand panels of Fig. 8 for radio-loud and radio-quiet clusters, respectively. The parameters of the fits are also listed in Table 1 . The L X -σ relation for the individually detected clusters (equation 8) is shown as a dotted line in each panel for comparison. The L X -σ relation of the stacks of radio-loud clusters is very close to that for all individual detections (dotted line). This is a coincidence. If we stack only the individually detected clusters, we find a significantly higher L X at given σ than predicted by equation (8) (the dotted line). This is because, at given σ , the mean L X of the stacked objects is higher than their median L X . The latter is what is approximated by a linear fit in log σ -log L X space. The slopes of the L X -σ relations for the radio-loud and (control) radio-quiet clusters are consistent within the 1σ error, but their zero-points differ significantly. At a given velocity dispersion, the average X-ray luminosity of radio-loud clusters is systematically higher than that of radio-quiet clusters. To demonstrate the significance of this effect, we fix the slope of both relations to be 4.17 (the error-weighted mean of the slopes in equations 11 and 12), and then re-estimate their zero-points. The results are (−0.591 ± 0.031) for radio-loud clusters and (−0.937 ± 0.044) for radio-quiet clusters. At a given velocity dispersion, the X-ray luminosity of radio-loud clusters is on average 2.2 times higher than that of radio-quiet clusters. The difference is significant at 6.4σ and is consistent with our earlier result that the fraction of radio-loud clusters with individual X-ray detections is substantially higher than the corresponding fraction for radio-quiet clusters (Section 4.1.1). The difference is also comparable to the difference in normalization between cooling-core and non-cooling-core clusters found by Chen et al. (2007) using the L X -M relation (M is cluster mass) .
D I S C U S S I O N
The results presented above demonstrate that the X-ray properties of the ICM are correlated with the radio properties of the central BCGs. The clusters with radio-loud BCGs are more frequently detected in X-ray images. When we stack radio-loud and radioquiet clusters with similar velocity dispersions and redshifts, we find that radio-loud clusters have more concentrated surface brightness profiles and higher average X-ray luminosities than their radio-quiet counterparts.
Up to now, we have not considered X-ray emission from the central radio AGN itself. If this emission was comparable to the X-ray emission from the ICM, all our results might be explained without any need to invoke a correlation between the radio AGN and the state of the intracluster gas. We estimate the X-ray emission from the AGN itself in Section 5.1.
Furthermore, we have not yet considered how X-ray and radio properties correlate with the stellar properties of BCGs. As shown by Best et al. (2005 Best et al. ( , 2007 , radio-loud AGN occur more frequently in higher stellar mass BCGs, which also tend to be found in more X-ray luminous clusters (Edge & Stewart 1991) . The correlation between BCG stellar mass and cluster X-ray luminosity is twofold. On the one hand, more massive clusters typically host higher mass BCGs (see top panel of Fig. 10 ). On the other hand, at a given cluster mass (velocity dispersion), clusters with higher mass BGCs tend to be more regular and concentrated (Bautz & Morgan 1970) , and such clusters tend to have higher X-ray luminosities (David, Forman & Jones 1999; Ledlow et al. 2003) . This morphology -BCG mass dependence appears related to the presence of the cool cores (Edge & Stewart 1991) . Thus, we may expect the mean stellar masses of the BCGs to differ between the radio-loud and radioquiet clusters we have stacked above, and we may expect clusters stacked as a function of BCG mass to show similar differences in X-ray properties to our radio-loud and radio-quiet samples. In Section 5.2, we compare the stellar properties of the BCGs in our radio-loud and radio-quiet samples, and we stack clusters also as a function of BCG properties.
The X-ray emission from radio AGN
The X-ray luminosities of radio-loud AGN L X,AGN are correlated with their radio luminosities L R (e.g. Brinkmann et al. 2000; Merloni, Heinz & di Matteo 2003) . Using the L X,AGN -L R correlation for radio-loud AGN from the study of Brinkmann et al. (2000) , we estimate X-ray luminosities for our sample of radio AGN (L X,AGN ) in the ROSAT 0.1-2.4 keV band. Here, we assume that the distributions of radio flux and X-ray photon energy are power laws, S μ ∼ μ −0.5 and N(E) ∼ E −2 (see Brinkmann et al. 2000) . We then compare our estimated values of L X,AGN with the 0.1-2.4 keV X-ray luminosities L X,ICM measured for our clusters within the radius R X . The results are shown in Fig. 9 . The top panel shows results for individually detected clusters; the bottom panel shows corresponding results for the stacked clusters. For the stacks, we estimate L X,AGN as the weighted average of the estimated X-ray luminosities of the central radio AGN.
As can be seen, the estimated X-ray luminosities of the radio AGN are typically a small fraction (<5 per cent) of the total measured X-ray emission. The enhancement we measure in the X-ray luminosity of radio-loud clusters is more than a factor of 2 (Section 4.2). Thus, contamination of the X-ray emission by the radio AGN is at most a small part of the effect we measure.
One might also ask whether X-ray emission from the radio AGN might explain the more concentrated X-ray surface brightness profiles seen in Fig. 6 . The dotted curve in each panel shows the predicted contribution of the radio AGN to the X-ray surface brightness profile. The L X -L R relation of Brinkmann et al. (2000) was again used to estimate the X-ray luminosity of each radio AGN and a Gaussian PSF with FWHM = 1 arcmin was used to predict its count rate profile. These count rate profiles were then scaled and stacked in order to calculate the average AGN contribution to the profile of the stack. As we can see, this contribution is negligible even in the lowest velocity dispersion bin.
The stellar properties of BCGs
In this section, we investigate the relation between our results and the stellar properties of our BCGs, as characterized by their stellar mass and concentration. The concentration is defined as c ≡ R 90 /R 50 , where R 90 and R 50 are the radii including 90 and 50 per cent of the flux from a galaxy. It can be used as an indicator of galaxy morphology (Shimasaku et al. 2001) . For early-type galaxies, the stellar mass correlates closely with the mass of the central supermassive black hole.
We first divide our radio-loud clusters into eight velocity dispersion bins containing equal numbers of objects. The median stellar mass and concentration are then calculated for both radio-loud and control radio-quiet clusters in these eight bins. In Fig. 10 , we show these median values as a function of velocity dispersion. For both properties, red triangles represent radio-loud clusters, while blue squares represent the radio-quiet clusters. The horizontal error bars show the range of velocity dispersion for each bin, while the vertical error bars link the 32 and 68 percentile of the distribution in concentration and stellar mass.
Clearly, the stellar masses of BCGs correlate with the velocity dispersions of their host clusters; higher velocity dispersion clusters tend to have higher stellar mass BCGs. In addition, at given velocity dispersion, the stellar mass of radio-loud BCGs is systematically higher than that of radio-quiet objects. This mirrors the earlier finding of Best et al. (2005 Best et al. ( , 2007 ) that higher stellar mass galaxies, both BCGs and non-BCGs, are more likely to host radio-loud AGN, but that at fixed stellar mass the BCGs are more likely to be radio-loud than the non-BCGs. The concentration values show no consistent trends with velocity dispersion or radio activity and are typically c ∼ 3, in the range expected for a galaxy with a de Vaucouleurs profile.
Given that the radio-loud AGN are biased towards higher stellar mass galaxies, it is natural to ask whether the higher L X of our radio-loud clusters simply reflects the larger stellar masses of their BCGs. To investigate this issue, we first study the dependence of the L X -σ relation on BCG stellar mass, independent of BCG radio activity.
As before, we first divide our 625 clusters of galaxies into eight velocity dispersion bins. We take the range of each bin to be the same as in Fig. 8 . We then divide the clusters in each bin into three equal subsamples according to the stellar mass of their BCGs. Combining velocity dispersion bins, gives us three subsamples, which we refer to as the low-, intermediate-and high-mass BCG samples. The median stellar mass of BCGs in these three samples is 7.76 × 10 10 , 1.35 × 10 11 and 2.14 × 10 11 M . For comparison, the median stellar mass of the BCGs in our radio-loud and control radio-quiet cluster samples is 1.66 × 10 11 and 1.35 × 10 11 M , respectively. Thus, the high BCG mass sample has even larger median BCG mass than our radio-loud sample, while the low BCG mass sample has even lower median BCG mass than our control radio-quiet sample. The intermediate BCG mass sample has nearly the same median BCG mass as the control radio-quiet sample.
For each BCG mass subsample, we then combine all the clusters in each velocity dispersion bin into a single stack. For the low BCG mass sample, the X-ray detection of the velocity dispersion bin σ > 900 km s −1 is not significant, so we combine all the clusters with σ > 800 km s −1 into one stack, thus ending up with seven stacks for the low BCG mass sample and eight stacks for the intermediate and high BCG mass samples. We show the resulting L X -σ relations in the three panels of Fig. 11 . As before, we use the BCSE orthogonal regression method to fit linear relations between log L X and log σ weighted by the error on both L X and σ . The fitting relations are shown as solid lines in each panel of Fig. 11 , and the corresponding fitting parameters are listed in Table 1 . The L X -σ relation for our stacks of radio-loud clusters (equation 11) is shown as a dotted line in each panel for reference.
The X-ray luminosity of the clusters shows a very interesting dependence on the stellar mass of the BCGs. The high and intermediate BCG mass samples have L X -σ relations which are both essentially identical to that of the radio-loud clusters. The low BCG mass sample, on the other hand, has an L X -σ relation which is significantly different. The clusters in the higher velocity dispersion bins are substantially less luminous than those in the other two samples. This results in a much shallower slope, 2.88 ± 0.17, than the value ∼4 found in all the other cases.
The fractions of radio-loud clusters are, as expected, higher in the samples with higher mass BCGs. The numbers for the low-, intermediate-and high-mass samples are 12, 24 and 29 per cent, respectively. We note that radio-loud fraction in the intermediate and high BCG mass samples do not differ very much, while the low BCG mass sample has significantly fewer radio-loud objects. Together, all these results imply that the stellar mass of BCGs is strongly coupled both with their radio activity and the properties of the ICM. We now explore this connection further by examining the BCG stellar mass dependence of the L X -σ relation separately for radio-loud and radio-quiet clusters.
We split our radio-loud sample into two subsamples with similar velocity dispersion and radio properties, but with systemically different BCG stellar masses. In detail, we separate the 134 radioloud clusters into 67 pairs with very similar velocity dispersion and BCG radio luminosity. We then take the clusters with the higher BCG stellar mass in each pair to build the high BCG mass subsample, and the clusters with lower BCG stellar mass to build the low BCG mass sample. We split the 67 high BCG mass clusters into six velocity dispersion bins and make six stacks. Clusters with σ in the range 300-600 km s −1 are split into three equal bins with width 100 km s −1 ; clusters with 600 < σ < 800 km s −1 make up another stack. The remaining groups with σ < 300 km s −1 and clusters with σ > 800 km s −1 make up the two remaining stacks. For the low BCG mass sample, we make six corresponding stacks. For each pair of radio-loud clusters, if the high BCG mass object is binned into the jth stack, the low BCG mass object is binned into the jth stack also.
We also split the radio-quiet clusters into two subsamples with differing BCG stellar mass. As for the whole sample, we first bin the clusters into eight velocity dispersion bins. In each velocity dispersion bin, we then separate the clusters into equal low and high BCG mass subsamples. For each subsample, we combine all the clusters in each velocity dispersion bin into a single stack. For the low BCG mass sample, we combine the clusters in the two highest velocity dispersion bins (800 < σ < 900 and σ > 900 km s −1 ), since the significance of the X-ray detection of the σ > 900 km s −1 bin is too low.
We obtain significant X-ray detections for all stacks in these four samples. The resulting L X -σ relations are shown in Fig. 12 . The two subsamples of radio-loud clusters are shown in the top two panels, with the high BCG mass sample on the left and the low BCG mass sample on the right. The two radio-quiet subsamples are shown in the same order in the bottom two panels. We use the BCSE orthogonal regression method to fit linear relations to the log L X and log σ data in all these panels, weighting by the errors in both L X and σ . The fitting relations are shown as solid lines in each panel and the corresponding parameters are listed in Table 1 . The L X -σ relation for the radio-loud stacks of the full sample (equation 11) is again shown as a dotted line in each panel for reference.
Three of these four subsamples show very similar L X -σ relations, all of which are consistent with the relation for the full radio-loud sample. Only the radio-quiet subsample with low BCG mass shows a significantly different relation which in turn is very similar to that shown in Fig. 11 for the subsample with lowest BCG mass, independent of radio activity. Thus, it seems that the L X -σ is similar for all clusters except for those which both are radio-quiet and have an unusually low-mass BCG. Among radio-loud clusters we detect no dependence of the relation on BCG stellar mass. The difference between radio-loud and radio-quiet clusters appears to be due entirely to the presence of a subsample of relatively highvelocity dispersion radio-quiet clusters which have both low BCG stellar mass and low X-ray luminosity. These might plausibly be the systems which have not yet fully collapsed, so that both their X-ray luminosity and BCG mass are typical of those usually found in lower mass relaxed systems.
To look more carefully for off-sets between our various subsamples, we have refitted the data plotted in Figs 11 and 12 fixing the slopes a to be 2.97 for the low BCG mass and low BCG mass radio-quiet panels and 4.40 for the other five panels. The resulting zero-points b are listed with their formal uncertainties in Table 1 . The relations in each group are formally consistent within their errors, so we see no clear evidence justifying a more complex interpretation of the data. The most significant and suggestive difference is that the full radio-loud cluster sample is about 30 per cent more X-ray luminous than the sample of high BCG mass radio-quiet clusters, even though the latter sample has a slightly larger median BCG mass. This result is significant at just over the 2σ level, suggesting that even at fixed cluster velocity dispersion and BCG mass, radio sources prefer to live in more X-ray luminous clusters.
C O N C L U S I O N S
We have used the ROSAT All Sky Survey to study the X-ray properties of a sample of 625 groups and clusters of galaxies selected from the SDSS. We focus on the L X -σ relation of these groups and clusters, and we study whether this relation depends on the radio properties of the central galaxy (BCG). A cluster is termed 'radio-loud' if its central BCG is a radio-loud AGN, and 'radioquiet' if the BCG is not detected at radio wavelengths. We find that the fraction of clusters with individual X-ray detections depends strongly on whether the BCG is radio-loud. The radio-loud clusters are detected more frequently than radio-quiet clusters of the same velocity dispersion and redshift.
The L X -σ relations for individually detected radio-loud and radio-quiet clusters are very similar, but this is purely a selection bias. The majority of detected clusters are just above the X-ray detection limit in both samples. Since the redshift distribution at each velocity dispersion is similar for the two types of cluster, the mean relations for detected objects are forced to be similar.
By stacking the X-ray images of clusters with similar velocity dispersion, we studied the average X-ray luminosities and surface brightness profiles of our clusters as a function of velocity dispersion. The average X-ray luminosities of radio-loud clusters are systematically higher and their luminosity profiles are more concentrated than those of radio-quiet systems. An X-ray emission from the radio AGN itself is by far insufficient to explain this doubling of the X-ray luminosity. Our results demonstrate convincingly and quantitatively that the X-ray properties of the intracluster gas correlate with the presence of a central radio source in the way first suggested by Burns (1990) .
The stellar masses of the BCGs also correlate with their radio properties; radio-loud clusters tend to move more massive BCGs than radio-quiet clusters of the same velocity dispersion. Those clusters of given velocity dispersion which have unusually low-mass BCGs tend to be both underluminous in X-rays and radio-quiet. This effect is particularly pronounced for large velocity dispersion clusters. Among radio-loud clusters, we find no dependence of X-ray luminosity on BCG stellar mass. These results can be summarized by saying that the only clear dependence of X-ray properties on BCG properties is that high-velocity dispersion clusters in which the BCG is both low mass and radio-quiet tend to be several times less X-ray luminous than otherwise similar clusters in which the BCG is massive and/or radio-loud.
Clearly, a high central hot gas density is needed for effective fuelling of the radio source. If the radio activity is, in turn, able to heat the surrounding gas and cause its re-expansion, the feedback cycle needed to control the growth of the central galaxy could be established. The conditions which lead to effective AGN fuelling are clearly related to the presence of a massive central galaxy, although the exact causal relationship between BCG growth, AGN activity and ICM structure remains to be clarified. Table A1 . The clusters of galaxies individually detected in RASS. Here, we list a sample from the basic properties of 159 clusters of galaxies individually detected in RASS. The description of the columns is as follows. Column 1: the ID of cluster in SDSS C4 cluster catalogue (http://www.ctio.noao.edu/ ∼chrism/C4/). Column 2: the right ascension (J2000) of the BCG in decimal degrees. Column 3: the declination (J2000) of the BCG in decimal degrees. Column 4: the right ascension (J2000) of the X-ray centre in decimal degrees. Column 5: the declination (J2000) of the X-ray centre in decimal degrees. Column 6: the redshift of the BCG. Column 7: the virial radius R 200 in unit of arcmin. Column 8: the velocity dispersion in unit of km s −1 . Column 9: the flux within R X in the energy band 0.5-2.0 kev, in unit of 10 −12 erg s −1 cm −2 . Column 10: the X-ray extension radius R X , in unit of arcmin. Column 11: the fractional error on count rate (flux) within R X . Column 12: the extension correction factor of f E (equations 4). Column 13: the bolometric X-ray luminosity after the extension, in unit of 10 44 erg s −1 . Column 14: the classification of radio properties of BCG, one for the clusters with BCG to be radio-loud AGN, zero for the clusters with BCG to be radio-quiet and − 1 for others. 
A P P E N D I X B : E X A M P L E S O F O U R P RO C E D U R E F O R D E T E C T I N G C L U S T E R S I N T H E R A S S
In the following, we show two example images where decisions about the X-ray detections had to be made by eye. The first example deals with the process of determining of the X-ray centre of the cluster (Section 3.1). Some X-ray sources, which are although inside the 5 arcmin aperture of the BCGs, are judged as contaminating sources rather than the X-ray centres of the clusters (Fig. B1) . The second example deals with the procedure of distinguishing contaminating X-ray sources from the extended X-ray emission of the cluster (Fig. B2) . Figure B1 . The RASS image of the C4 cluster 1094. The cross shows the position of the BCG and the big circle enclosed the region of the cluster within a distance R 200 (∼8 arcmin) from the cluster centre. The small circle shows the X-ray point source detected near the cluster centre. The angular distance from the X-ray source to the position of the BCG is ∼3 arcmin. This X-ray source is judged to be a contaminant and not associated with the X-ray emission of the cluster. Figure B2 . The RASS image of the C4 cluster 1049. The cross shows the position of the BCG and the small circles show the ML-detected X-ray sources. The inner big circle shows the region within a distance R 200 (∼ 16.5 arcmin) from the cluster centre, while the outer circle has a radius of R 200 + 6 arcmin. The area inside the ring from R 200 to R 200 + 6 arcmin is used for the background estimation. In this image, sources 48 and 55 are considered as contaminants, while sources 52 and 53 are considered as part of the extended X-ray emission from the cluster.
S U P P O RT I N G I N F O R M AT I O N
Additional supporting information may be found in the online version of this article. Table A1 . Here, we list the basic properties of 159 clusters of galaxies individually detected in RASS.
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